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DOD Prostate Cancer Training Award Principal Investigator: Wu Liu, Ph.D.

I. Introduction

This Postdoctoral Training Award (W81XWH-09-1-0180, entitled “Development of Novel
Treatment Plan Verification Techniques for Prostate Intensity Modulation Arc Therapy”) was awarded to
the principal investigator (PI), Wu Liu, for the period of March 1, 2009 — February 28, 2011. This is the
annual report for the first funding period (March 1, 2009 — February 28, 2010).

Radiation therapy of prostate cancer is the subject of this project. For fractionated treatment,
adaptive radiation therapy (ART) is a strategy of which the subsequent fractional delivery can be
adaptively modified based on a closed-loop control framework using systematic feedback of geometric
and dosimetric information. However, a critical component that is missing in current linac-based
radiation therapy is a treatment plan verification system capable of validating and documenting the
dose delivered and preventing geographic misses, especially for modern intensity volumetric modulated
arc therapy (VMAT). The objective of this project is to develop a novel clinical useful delivered-dose
verification protocol for modern prostate VMAT using Electronic Portal Imaging Device (EPID) and
onboard Cone beam Computed Tomography (CBCT). The specific aims of this project are: (i) to calibrate
the CBCT and to establish an accurate deformable registration framework for registration of the
prostate CBCT images to the planning CT images; (ii) to develop and evaluate a method of measuring the
leaf end position during delivery by EPID and re-constituting the multi-leaf collimator (MLC) leaf
sequence (LS); (iii) to incorporate geometric corrections of the gantry and imager; (iv) to evaluate the
achievable accuracy in using a CBCT and measured LS, therefore, fluence map for dose calculation.

Under the generous support from the U.S. Army Medical Research and Materiel Command
(USAMRMC), the PI has contributed significantly to the field of prostate cancer research by applying
advanced physics and computer vision knowledge. A number of conference abstracts and peer-
reviewed journal publications have been resulted from the support. In this report, the PI’s research
activities in the first funding year are highlighted.

I1. Body

The PI has gradually started working on the proposed work since the proposal was submitted.
Task 1 is to calibrate the CBCT, to establish an accurate deformable registration framework for
registration of the prostate CBCT images to the pCT images. This step is to build a technical
infrastructure for the ultimate goal of dose verification. It has been completed as described below.

It is necessary to relate the HU of the scanner with the actual electron density in order to use
planning CT (pCT) or CBCT for radiation dose calculation. A CT-phantom, Catphan-600 module CTP404,
was used for the calibration of pCT and CBCT. The HU differences between the measured results of pCT
and CBCT were less than 10 HU for the 8 objects with known electron density in the phantom and CT
number ranging from -1000 HU (air) to 930 (Telfon). The calibration was repeated 10 times over 3
months for CBCT. No significant variations were found. The results show that it is valid to use CBCT HU
for dose reconstruction.
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Due to the rectal filling changes between the days that pCT and CBCT were acquired, the
intensity-based deformable registration had severely problem to accurately mapping the contours on
the pCT to CBCT. Therefore, a feature-based narrow band deformable registration algorithm is used and
satisfactory results were found. The method first searches control points using scale invariance feature
transformation (SIFT) in a narrow band (1 — 1.5 cm wide ring) outside the rectal wall to avoid the rectal
filling problem. It then performs a thin plate spline transformation to warp the narrow band and
mapping the corresponding contours from pCT to CBCT. Further test for this selected algorithm used in
dose reconstruction will be performed at the evaluation phase of proposed technique (task 4).

Task 2 is to develop and evaluate a method of measuring the leaf end position during delivery by
EPID and re-constituting the multi-leaf collimator. This step is to develop a way to extract useful MLC
leaf position information from EPID images for later dose reconstruction, and to design a method
utilizing the EPID images to compensate for the adverse effect of intrafraction prostate motion for more
accurate dose delivery, therefore verify the delivered dose is reasonably close to the planned dose. It
has almost been completed as described below.

U

Delivery Start End
Segment 1 i e n
EPID \ " . ’ - )
= ~ = % Ny
iti e = ‘L‘J — b
Leaf position l:wik \ o r\_‘_'__,. L,_,/ o
Associated a e MU, 1

In-house software

TPS £330 >
——®-§

EPID-measured Delivered Dose
leaf sequence file fluence map Reconstruction

Fig. 1. Workflow of leaf sequence re-constitution.

Because of the high contrast between the irradiated and non-irradiated area on the EPID MV
images, it is relatively easy to detect the MLC leaf ends using edge detectors that are not very
complicated. We search the positions of the leaf ends near the penumbral regions by a maximum
gradient edge detection algorithm in a scan line fashion for the pixels rows. The maximum gradient in

intensity in the penumbral region was considered as the leaf end position (U ). The pixel location is
spatially converted and projected back to the isocentric plane. The leaf positions on isocentric plane

(Y) in a perfect imaging geometry is X =U -SAD SID” where SAD is the source-to-axis distance and
SID is the source-to-imager distance. A MLC leaf sequence (LS) file is reconstituted (Fig. 1) using the

EPID-measured segmental leaf positions and their associated fractional MUs by matching the gantry
information from EPID images and the machine’s delivery log files. The LS file will be used later for the
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delivered dose reconstruction. One problem we are currently encountering is that cine EPID imaging
during VMAT delivery is not recommended for our current Varian linac machine because of a high dose
rate issue. Therefore, our leaf position detection experiments are conducted using conformal arc
delivery. The new generation Varian machine, which will be installed in our clinic in a couple of months,
however, provides the ability to take cine EPID during VMAT delivery. The detection procedure is
expected to be exactly the same.

A necessary step in combating the adverse dosimetric effects of intrafraction prostate motion is
the real-time monitoring of the target position. All existing motion tracking techniques seek to
accurately and continuously localize the prostate target. Fluoroscopic imaging with one or two kV
sources poses the problem of accumulating excessive patient imaging dose. Because intrafraction
prostate motion is generally unpredictable, we developed a novel coarse-to-fine two-step failure
detection-based motion tracking technique that effectively uses cine-MV data to provide a clinically
valuable way to minimize kV usage, while maintaining high targeting accuracy. This method minimizes
the difference between actual delivered and planned dose to prostate patients. The simulation results
were presented at the 2009 annual conference of the American Association of Physicists in Medicine
(AAPM) [1] and has been accepted to publish in the International Journal of Radiation Oncology, Biology,
Physics [2].

Task 3 is to incorporate geometric corrections of the gantry and imager. This step is to
compensate for the geometric errors at different gantry angles so that we can use more accurate MLC
leaf positions to reconstitute LS-files and therefore more accurately reconstruct the delivered dose. This
step has been completed as described below.

A robust procedure of system calibration for the MV EPID and on-board kV imager is developed
for patient imaging during intensity modulated arc delivery. The results were published in the journal
Physics in Medicine and Biology [3]. The calibration procedure helps to correct the geometric errors
caused by gantry sag and imager tilt. The online real-time imaging spatial accuracy was significantly
improved to better than 0.5 mm for all gantry positions during arc delivery. Therefore, it is made
possible for image-based dose reconstruction of delivered dose to the patient. After geometric
correction, the mean deviation of the EPID-measured leaf positions from the planned leaf positions is
about 0.6 — 1.0mm. It means that the actual delivered dose would be different from the planned dose.
This is one of the major reasons why we need this technique to verify the delivered dose and for future
development of adaptive radiation therapy to compensate for the dose discrepancy.

Task 4 is to evaluate the achievable accuracy in using a CBCT and measured LS, therefore,
fluence map for dose calculation. The step is to reconstruct the delivered dose using the information
acquired during the treatment with the techniques developed in tasks 1 — 3. The major concern is that
the intrafraction prostate motion changes the patient anatomy and deteriorates the dose delivery. We
are developing method to minimize the effect from intrafraction prostate motion and improve the dose
reconstruction accuracy and in progress of evaluating the proposed methods using phantom and patient
data.
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Because VMAT delivers the dose in an arc during gantry rotation, images are available from
different viewing angles. Therefore, by taking the advantage of gantry rotation, the target position can
be stereoscopically reconstructed using the MV images acquired at different gantry angle. In
conjunction with applying our proposed failure detection-based motion tracking technique, we
developed an optimized MV-kV motion monitoring strategy during intensity modulated arc therapy,
which can be used to ensure and verify the treatment dose delivered to the patient is in accordance
with the treatment plan. The simulation and experimental results were presented at the 2009 annual
conference of the American Association of Physicists in Medicine (AAPM) [4], the 2009 annual
conference of the American Society for Therapeutic Radiology and Oncology (ASTRO) [5] and has been
accepted to publish in the International Journal of Radiation Oncology, Biology, Physics [6].

VMAT treatment J treatmj:nt start
1 5 10 15 fraction
} ; } b rrnnaas >
CBCT acquired EPID images and Log-files 0 1 2 3 GAIE

beforedelivery || retrieved after delivery T T 1« T
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\ Fig. 3. Timeline showing the scheduling of planning
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images / elivery log-file CT and CBCT.
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Fig. 2. Workflow of the VMAT dose reconstruction and plan  Fig. 4. Dose distributions of (a) the original plan on

verification procedure. the planning CT and (b) the same plan on the
CBCT. (c) DVHs of the target and organ at risk for
the two calculations.

We established a methodology to reconstruct the delivered dose of a VMAT treatment using on-
treatment CBCT and reconstituted DICOM-radiotherapy plan (RP) file based on EPID-measured MLC leaf
positions or MLC dynamic log-files and delivery log-files containing the actual geometric and dosimetric
information of the delivery. Figure 2 shows the workflow of the dose reconstruction and plan
verification method. Figure 3 shows the CBCT and planning CT (pCT) scheduling. The Catphan-600
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phantom study demonstrated the feasibility of using CBCT for dose calculation. CBCT was performed
before the dose delivery. The systematic log-files were retrieved after the delivery and the leaf
positions were measured and logged from EPID images during treatment. Actual delivery at a control
point including MLC leaf positions, gantry angles and cumulative monitor units (MUs) were recorded in
the log-files and the information was extracted using in-house developed software. The extracted
information was then embedded into the original treatment DICOM-RP file to replace the original
control point parameters. This reconstituted DICOM-RP file was imported into the Eclipse treatment
planning system (TPS) and dose was computed on the corresponding CBCT. A series of phantom
experiments was performed on a Varian Trilogy™ medical linear accelerator to show the feasibility of
dose reconstruction, validate the procedure, and demonstrate the efficacy of this methodology. The
resultant dose distributions and dose volume histograms (DVHs) were compared with that of the
original treatment plan. For example, figure 4 shows that the CBCT-based dose distributions agree with
that of the pCT-based original plan very well at the absence of target motion. The DVH in Figure 4 of the
CBCT-based plan shows a dose increase of 0.8% for the entire target volume in comparison with the
original pCT-based plan. The discrepancy in the dose maximum of the target is 1.3% and the
discrepancy in the mean target dose is 0.7%. The studies indicated that CBCT-based VMAT dose
reconstruction is readily achievable and provides a valuable tool for monitoring the dose actually
delivered to the tumor target as well as the sensitive structures. In the absence of setup errors, the
reconstructed dose shows no significant difference from the original planning CT-based plan. It is also
elucidated that, the proposed method is capable of revealing the dosimetric changes in the presence of
setup errors. This maneuver provides a valuable clinical tool for us to assure the VMAT dose delivery.
The proposed dose reconstruction procedure is applicable in clinic and may find applications in the
future adaptive VMAT with the actual delivered dose considered in the clinical decision-making process.
The initial data analysis has been completed and the results are being submitted to the journal Physics in
Medicine and Biology for consideration of publication.

II1. Key Research Accomplishments

e C(Calibrated the CBCT for electron density vs. Hounsfield unit and compared the results for planning
CT. ltis validated that CBCT HU may be used for dose reconstruction.

e Selected and tested using SIFT features in a narrow band for thin plate spline deformable
registration. The method gives clinically acceptable results.

e Selected and confirmed the feasibility of using maximum gradient edge detection algorithm for MLC
leaf end position detection.

e Developed a novel prostate intrafraction motion monitoring and correction technique based the
concept of failure detection. This method significantly reduced the unwanted kV imaging dose to
patient, while maintaining high clinical targeting accuracy.

e Developed a system calibration procedure for the MV EPID and on-board kV imager used for patient
imaging during VMAT.
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e Developed a novel strategy for motion correction during VMAT and minimize the deviation of
delivered patient dose from the planned dose by utilizing the proposed failure detection technique
and taking the advantage of gantry rotation when dose is delivered in an arc.

e Established a novel methodology and procedure for retrospectively reconstructing the actual dose
delivered in VMAT based on the pre-treatment (CBCT), EPID images and dynamic log-files during
treatment has been established. It can be used to dosimetrically evaluate the delivery accuracy of
the VMAT treatment plan. Phantom studies have been performed.

IV. Reportable Outcomes
The following is a list of publications resulted from the grant support in the last funding period.
Refereed Publications:

1. Liu, W., G. Luxton, and L. Xing, A Failure Detection Strategy for Intrafraction Prostate Motion
Monitoring with On-board Imagers for Fixed-Gantry IMRT. International Journal of Radiation
Oncology Biology Physics, 2010. In press.

2. Liu, W., R.D. Wiersma, and L. Xing, Optimized Hybrid MV-kV Imaging Protocol for Volumetric
Prostate Arc Therapy. International Journal of Radiation Oncology Biology Physics, 2010. In press.

Conference Abstracts:

1. Liu, W., et al., Intrafraction Prostate Motion Monitoring with Cine-MV and Minimal As-Needed
Onboard KV Imaging. Medical Physics, 2009. 36: p. 2724. Presented at 2009 AAPM annual
conference, July 2009, Anaheim, CA

2. Liu, W., et al., Real-Time Motion Detection of Prostate Target During Volumetric Arc Therapy
Using Onboard Imaging Devices. Medical Physics, 2009. 36: p. 2800-2801. Presented at 2009
AAPM annual conference, July 2009, Anaheim, CA

3. Liu, W., G. Luxton, and L. Xing, Optimized Hybrid MV-kV Imaging Protocol for Volumetric
Prostate Arc Therapy. International Journal of Radiation Oncology Biology Physics, 2009. 75(3): p.
S570-S571. Presented at 2009 ASTRO annual conference, November 2009, Chicago, IL

V. Conclusion

In summary, an infrastructure has been established to execute the proposed research. System
calibration procedures have been developed. Novel intrafraction prostate motion monitoring and
correction strategy and dose reconstruction technique for treatment plan verification have been
proposed for the radiation therapy treatment of prostate cancer. Phantom studies on reconstruction of
actual delivered dose have been performed. A few milestones have been achieved toward the general
goal of the project. Further improvement of the developed technique by refining deformable image
registration between pCT and CBCT and evaluation of the proposed dose verification technique using
real patient data are under study. This project paves the road of a critical translation of advanced
physics research into clinical use for the benefits of prostate cancer patients.
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A FAILURE DETECTION STRATEGY FOR INTRAFRACTION PROSTATE MOTION

MONITORING WITH ON-BOARD IMAGERS FOR FIXED-GANTRY IMRT

Wvu L, Pa.D.,* Gary LuxTon, Pu.D.,* aNnD LEr XiNG, Pa.D.*

From the *Department of Radiation Oncology, Stanford University School of Medicine, Stanford, CA

Purpose: To develop methods to monitor prostate intrafraction motion during fixed-gantry intensity-modulated
radiotherapy using MV treatment beam imaging together with minimal kV imaging for a failure detection strategy
that ensures prompt detection when target displacement exceeds a preset threshold.

Methods and Materials: Real-time two-dimensional (2D) marker position in the MV image plane was obtained by
analyzing cine-MYV images. The marker’s in-line movement, and thus its time-varying three-dimensional (3D) po-
sition, was estimated by combining the 2D projection data with a previously established correlative relationship
between the directional components of prostate motion. A confirmation request for more accurate localization us-
ing MV-KV triangulation was triggered when the estimated prostate displacement based on the cine-MYV data was
greater than 3 mm. An interventional action alert followed on positive MV-kV confirmation. To demonstrate the
feasibility and accuracy of the proposed method, simulation studies of conventional-fraction intensity-modulated
radiotherapy sessions were done using 536 Calypso-measured prostate trajectories from 17 radiotherapy patients.
Results: A technique for intrafraction prostate motion management has been developed. The technique, using
“freely available” cine-MYV images and minimum on-board kV imaging (on average 2.5 images/fraction), success-
fully limited 3D prostate movement to within a range of 3 mm relative to the MV beam for 99.4% of the total treat-
ment time. On average, only approximately one intervention/fraction was needed to achieve this level of accuracy.
Conclusion: Instead of seeking to accurately and continuously localize the prostate target as existing motion track-
ing systems do, the present technique effectively uses cine-MYV data to provide a clinically valuable way to minimize

kV usage, while maintaining high targeting accuracy. © 2010 Elsevier Inc.

Intrafraction prostate motion, Onboard imaging, Motion tracking, Failure detection.

INTRODUCTION

A prostate motion management technique is critical for mod-
ern highly conformal and dose-escalated prostate radiation
therapy. Conventional techniques used for prostate position
monitoring include use of MV or kV images taken immedi-
ately before and after a treatment fraction (1), or, in some
cases, before each field for intensity-modulated radiotherapy
(IMRT) (2). Analysis of continuous real-time monitoring
data suggests, however, that these methods do not suffi-
ciently monitor prostate motion, because the prostate may
undergo sudden displacements during intervals when imag-
ing is not present (3, 4). Intrafraction prostate motion
management is certainly desirable and has recently become
an active research topic (4-8). Although recently developed
electromagnetic transponders provide real-time three-dimen-
sional (3D) localization without radiation dose, they have
much larger physical size than gold markers conventionally
used in radiographic tracking and produce severe magnetic

resonance imaging artifacts, hindering magnetic resonance—
based posttreatment assessment (9). Fluoroscopic imaging
with one or two kV sources, on the other hand, poses the
problem of accumulating excessive patient imaging dose. Be-
cause intrafraction prostate motion is generally unpredictable
and patient-specific, model-based approaches are not ideal
even with the help of personalized training data acquired
right before treatment.

The prostate is mostly stationary and drifts slowly, with
abrupt movement occurring only occasionally (4, 10-12).
Therefore, in contrast with current motion monitoring
techniques that seek to accurately and continuously localize
a moving target, in a previous study (13, we attempted for
the first step to detect only potential motion beyond
a predefined threshold. The method used treatment beam
MYV imaging available at no cost in tracking dose. In
a second step, combined MV-kV imaging was performed by
turning on the kV imager to verify the over-threshold event.
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The second step would also obtain more accurate position in-
formation that could be used for interventional motion man-
agement by, for example, moving the couch or shifting the
MLC. The kV usage was significantly reduced because
cine-MV monitoring was sufficient during most of the treat-
ment time. In that work, radiation was delivered in an arc,
the “free” MV information from different gantry angles
was used to stereoscopically estimate 3D prostate/marker
coordinates, which in turn were used to detect potential
over-threshold displacements. This MV-only 3D localization
approach would not appear to apply to real-time displacement
estimation during fixed-gantry IMRT, however. Although
prostate motion is unpredictable, Calypso (Calypso Medical
Technologies Inc, Seattle, WA) real-time monitoring data
(3, 4, 10, 11, 14) demonstrated that it is not completely
random. The goal of this study is to develop an MV data
processing method that is suitable for the ‘‘failure”
detection scheme during IMRT by incorporating simple
assumptions based on prior knowledge of prostate motion
without introducing complicated statistical models and
requiring neither population-based nor pretreatment patient-
specific training data.

MATERIALS AND METHODS

Intrafraction prostate motion monitoring strategies for
IMRT

One simple way to monitor intrafraction prostate motion without
the excessive overhead of continuous kV imaging is to acquire kV
with simultaneous MV projections only at the beginning of each
IMRT field. Comparison between the results of this approach and
those of any proposed method would indicate the motion monitoring
efficiency of the method. This approach will be referred to as the
“reference point method” in the remainder of this article.

The present proposed procedure contains two steps as described
previously (13). First, to turn on the kV (for one time or a period
of time) only if cine MV-estimation suggest that the marker has
moved more than a predefined threshold (3mm) from a previously
established checkpoint whose 3D position is known; and then, to up-
date the checkpoint if the MV-kV triangulation confirms that the dis-
placement is more than 2.5 mm. Because of the absence of prior
knowledge at the beginning of treatment, the kV imager is turned
on one time to acquire the first accurate 3D marker checkpoint po-
sition. In this section, we will introduce three different, but related
methods for detecting potential over-threshold motion in fixed-
gantry IMRT from cine MV. Referring to Fig. 1, let “L”” be a check-
point fiducial location, determined by simultaneous MV-kV data. At
later times, only cine-MV images are acquired to estimate fiducial
displacement from checkpoint L. Let ““P** be the projected fiducial
position on